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1.0 MODIJLE DESCRIPTION 
* 
Perturbdtions i n  the gravity potential of the moan, as a function of latitude 
and longitude, w i l l  calrse the position of an orbiting spacecraft at  any time to vary 
from the position predicted using a Keplerian gravity model. Conversely the 
perturbations in  the spacecrafts orbit can be used to find the anomalies in  the 
. gravity potential. This module i s  designed to simulate the recovery of the lunar 
gravity potential. The gravity model i s  described by the use of  spherical harmonics 
up to the 15th order and 15th degree. Although the program does compute the values 
for the spherical harmonic coefficients, i t s  major purpose i s  to compute the variances 
of the coefficients. By using this module, an investigator can determine the un- 
certainty in  the recovered gravity mode!. The total module i s  broken into three 
submodules . 
The first submodcrle, the Photo TimesjPosi tions Submoduie, i s  used to generate 
the orbital data to be used i n  the simulutor . The second submodule, the 01-bi t  Integrator, 
i s  employed both to produce the simulated position data and to assist i n  the recovery of 
the gravif y potential model. The last submodule, the Least Squares Recovery Module, 
i s  used to find the spherical harmonic coefficients and their variances, 
The module is  designed to work for a wide range of simulated conditions. Up 
to 2500 positions along an orbit of up to 28 days may be used to recover the gravity 
model. The gravity model itself may be of any size up to a 15 by 15. The various 
options which exist are discussed in  detail i n  Sections 1 . I ,  1.2, 1.3 and i n  the input 
description (Section 3.2). 
1.1 Photo Times/Position Submodule 
/I , 
The PHMAP subroutine and the subroutines called by PHMAP provide the 
Gravity Potential Recovery Module with a realistic mapping pattern of the moon based 
on photogrammetric principles. The program assumes that a mapping satellite i s  i n  a 
circular polar orbit around the moon and can thus provide a closed photogrammetric net 
embracing the entire lunar surface with essentially uniform overlap in a l l  directions. 
The subroutine's outputs consist of the number of exposures needed for the specified 
coverage, a table of the exposure times and a state vector (position and velocity) for 
either the start of the mission or its midpoint. The.entire submodule provides for either a 
square or circular mapping pattern as described by Brown (1 968). The exposure times are 
stored for use i n  producing the simulated position data, which i n  turn i s  used in  the least 
squares recovery of the gravity model. 
This submodule is  employed entirely at the user's option. I f  this subn~odu le i s  
not used a series of equally spaced orbit times w i l l  be generated by the program. 
Whichever procedure of generating the exposure t ine data i s  employed,this szlecfiotl 
has to be ut i l ized both i n  the data simulation and in  the gravity recovery. I t  i s  not 
- permissible to use PHMAP to generate the exposure times and to have equally spaced 
times i n  the recovery of the gravity potential. 
1.2 Orbit  Integrator Submodule 
This submodule, whose main driver. i s  subroutine POINT, can compute the 
state vector at any pluce along an orbit given an in i t ia l  state vector, gravity potential 
model and time. In this submodule the state vector i s  computed as a function of time. 
The orbit integrator is  used in both h e  data simulation and i n  the gravity potential 
recovery. 
1 The or.bit integrator uses either the exposure times provided by subroutine 
i 
PHIMAP or a set of equally spaced orbit times to compute positions and velocities along 
the orbit at  these times. In the data simulation, values of the spherical harmonics 
coefficients of the gravity potential of the moolt are input which are assumed to be the 
true values. In the gravity recovery, approximations to these assumed "true" values are 
read in. The positions computed in the data simulator are taken to be the observational 
data. In the gravity recovery mode, the least squares program attempts to find the gravity 
harmonic coefficients which w i l l  make on orbit. "best-fit" the given observational data. 
In order to do this the orbit integrator computes not only state vectors but also the partial 
derivatives of the state vectors with respect to both the harmonic coefficients and the 
epoch stute vector. These partials are needed to form the normal equations. The partials 
are evaluated on the basis of the approximations to the harmonic coefficients that have 
been irrput . 
1 '3 Least Sauares Recovery Submodule 
A rigorous weighied least squares udjcrstmer,f i s  yeriorn~ed in  order to find the 
- 
variance of the recovered harmonic coefficients. I he observational position data, 
- generated by the orbit integrator, i s  used to find the moon's harmonic coefficients as well 
as the in i t ia l  state vector for the orbit. As i n  any non-linear least squares procedure, 
approximations to the unknowns must be given. These in i t ia l  approximations are used to 
cmpufe spccecraft posif.ions which are then compared to the observations. The positions 
are computed by the orbit integrator which i s  used once for every iteration of the least 
squares cdjustment. The least sqyares procedure i s  reiterated unti i  either convergence 
i s  attained or a maximum number of iterations i s  reached. After the last iteration, 
variances of the harmonic coefficients, as wet I as the corre lation matrix, are printed out. 
The Least Squares Submodule, with the a id  of the Orbit  Integrator Submodule, 
solves for the coefficients of the spherical harmonics of the gravity potential model. A l l  
'I the subroutines within the Least Squares Submodule are called by multiple entry points 
in  subroutine TLEAST . The various options within the Least Squares Recovery Submodu ie 
are control led for the most part by RSTATE. 
The basic concepts employed in  determining the phcto times are described 
by Brown (1968). The orbit integration package i s  an outgrowth of research conducted 
by DBA Systems since 1966 (k-iarfwe l l 1 966). The least squares techniques have been 
extensively documented by both Brown and Davis (1 964). 
1 3.0 COIvZPUTER PROGRAM USER PROCEDURES 
3.1 System Control Description 
The Gravity Recovery Module i s  designed for use on the UNlVAC 1 108 EXEC-2 
system. A total of four scratch files are needed in addition to the normal card input and 
hard-copy output files. The scratch files may be assigned to either tape or drum units. 
The orbital time data generated by the Photo Times/Position submoduie are written on 
logical unit number 7, by subroutine RSTATE . .This unit is  denoted as f i le  ITAB. 
3.2 Input Description 
The data deck preparation is  given in three sections. The first section i s  general 
information. The second section (3.2.2) describes a l l  the data cards and a i l  the various 
options which the user has available. A third section (3.2.3) shows the card images of 
the input cards. Much of  the information in  this section can also be found in  section 
3.2.2. Figure 3.1 i s  a flow diagram which illustrates the flow of data into the program 
for the various options. 
3.2.7 General Information 
When a complete solution of the gravity recovery problem i s  atteinpted at least 
two cases must be run. These two or more cases can be done in  one run of the total' 
module . 
Case 1. In the in i t ia l  case the simulator i s  used to generate the observational 
data. The user selects either equal ly  spaced orbit tides or orbit times based on photo- 
grammetric coverage of the moon. The user then specifies a gravity model to be used 
by inputting values for the spherical harmonic coefficients. The orbit integrator uses 
these coefficients and the times to generate a tape of observational data. This data 
i s  held constant and can be used by any number of  cases within a run. 
! IMON, IYR ,' i 
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Flow Diagram of Program Input 
1 Case 2 and any subsequent cases. In the second and subsequent cases the 
method of least squares is  used to recover the gravity model specified in  Case 1 . 
As before, the program must be told whether the times were equally spaced or if they 
were based on the photogrammetric coverage within the simulator. A set of harmonic 
coefficients must be specified where the vafues are now approximations to the true values. 
These approximalions may be identical to the "true" values used i n  the simulator or they 
may differ. Also the order and degree of  the gravity model can be changed between cases. 
Any number of  solutions can be performed from one set of simulated data. The 
only constraint i s  that the observation times are consistent between simulation of the data 
and the recovery of the gravity potential. 
3.2.2 - Description of Data Deck and Program Options 
Card 1 : 413 
l DAY 
IMON 
IYR 
r"4utiiber. of cases io be run. 
NCASE i s  usually greater than or equal to 2. 
Date of run: Day 
Month 
Year 
Card 2: 513 
This card must appear at  the start of each case. 
Case number I = 1, NCASE 
Number of cards of alphanumeric information that 
w i l l  be read in and printed. Q S J S 11 
NONLYP 
Card 3: 20A4 
Card 4: 2413 
NTM 
N controls the printout of  information from the orbit - 
integrafor, If N 2 0, there w i l l  be no printout from the 
orbit integrator. If N > Of a printout wi l  I occur during the 
first pass through the orbit integrator for this case. The 
printout includes the state vector, the state transition 
matrix and the partial derivcrtives at each observational 
point along the orbit. In the data sirr~ulotor mode, the 
state transition matrix and the partials need not be 
computed so they are not printed out. 
K 2 0 New coefficients for the gravity potential model 
must be read in. This must be done for the first case. 
If K > 0 the coefficients from the previous case w i l l  be used. 
Note that after a least squares recovery the coefficient w i l l  
be different than they were originally . Therefore i t  is 
advisable to only have K > 0 immediately after a case that 
d id not use the least squares submodule. 
Mode Control. 
If NONLYP = 1, than the data simulator mode w i l l  be run. 
That i s  the observational data w i l l  be generated and no 
least squares wi l l  be performed. NONLYP must be equal 
to 1 for the first case. If NONLYP # 1 than a complete 
least squares recovet y w if I fake phce .  
J cards with up to 80 columns of alphanumeric information 
w i l l  be read and printed out. This information i s  used to 
describe the case being run. J can be zero and no cards 
w i l l  be read. 
This card contains variables which controls the orbit integrator. 
Number of observation times: if 0 < NTM S 2500 equally 
spacedorbit times w i l l  be generated. The number of times w i l l  
be equal to NTM . If NTM = 0 the observations w i l l  be 
generated by PHMAP and w i l l  be based on photogrammetric 
consideration. In the data generation mode NTM must be 
greater than or equal to zero. When PHMAP i s  used the data 
i s  stored on a fi le ITAB. After the ini t ial  case the data on 
ITAB can be read in by setting NTM < 0. This option does 
not exist i f  equally spaced times are used. 
For example: 
Case NTM N O N L Y  
- -
Comment 
-- 
200 1 Data simulation G o ZOO -2 Least squares I equally spaced times 
{: 0 1 Data simulation - 1 -2 Least squares I PI-iMAP used 
1 
1: 0 1 200 I not a l lowed -2 
200 1 
0 not a I lowed -2 
NTE Number of orders i n  the potential mode I .  NTE must be less 
than cir equal to 16 which w i l l  result in orders between 0 and 15. 
KTR KTR S 16 Number of  terms used in the series expansion for 
the determination of the state vector at some time t. 
KVE KVE S 16 Number of  terms i n  the series expansion of the 
\ A  11 
stai-e .iiansiiion rrluit ix . vv,iefl i:tc d ~ i u  i i m ~ ! ~ ~  ioii iri"d* 
used KVE should he set to zero since the state transition 
matrix i s  not needed. 
KTG 
LCT (I ) 
KTG S 14 Number of terms used in the series expansion for 
the part'ial derivatives. As with KVE i f  NONLYP = 1, KTG 
shou I d be zero. 
I = I ,  NTM 
Number of degrees i n  each order of the gravity model. 
LCTCI) must be 517-1. The degrees (n) and orders (m) i n  
the complete 15x 15 model f i l l  a triangular matrix: 
Card 5: 3020.12 
TQD 
TTB 
DLT 
Card 7: 3D20.12 
XEX (4) 
XEX(5) 
XEX(6) 
Card 8: 13, D17.0 
FOR 
PMAP 
Skip cards 5,6, and 7 I f  NTM\ 5 0. 
Time in  seconds of the epoch of state vector which i s  inputted 
on cards 6 and 7. 
Time at first printout. TTB does not have' to be equal to TOD. 
Time interval between equally spaced observations along 
the orbit. TTB i s  time a t  start of orbit, DLT i s  t ime interval 
along the orbit and TO0 i s  t ime of some state vector on the 
orbit. 
Position (X, Y,Z) of spacecraft along the orbit i n  
kilometers at the specified t ime TOD. 
Velocity (VX, VY, VZ) of spclceci aft clang the orbit 
in kilometers/second at TOD. The data on cards 6 
and 7 make up the sf-ate vector a t  TOD. 
Cards 8,9 and 10 are skipped unless NTM = 0. These 
cards specify the photogrammetric coverage of the moon 
that i s  desired. 
S 0 circular mapping pattern w i l l  be generated 
> 0 square mapping pattern w i l l  be generated 
Longitudinal coverage of moon in degrees. PHMAP 
can vary between 0" and 360". 
Card 9: 5D16.0 
A LT 
FOC 
DIM 
P F 
PL 
IPLACE 
C a r d l l :  D20.12 
AiF  
Card 12: 3D20.12 
RAD 
XMU 
DMG 
Card 13: D20.12 
EPS 
Altitude of orbit along lunar su r f~ce  in kifometers. 
Focai length of mapping camera i n  millimeters. 
Format size of camera i n  inches. 
Percent forward overlap between exposures. 
Percent of  side lap between adiacent strips of 
photographs. 
If IPLACE > 0 the state vector at the beginning of  the 
orbit (i.e. TOD = 0.0) wi l l  be computed. 
I f  IPLACE S 0 the state vector w i  I I be computed at 
the midpoint of the orbit. This i s  recommended for 
long orbits . 
The angle (in radians) between ai l  inertial X axis and 
the body centered X axis at  time TOD. 
Radius of  the moon i n  kilometers. 
Gravitational constant for the moon (K2M) in  kilometers 
cubed per seconds squares. 
Rotation rate of  mbon i n  radians per second. 
Truncation control for orbit integration which controls the 
magnitude of round off errors. For 15 digit accuracy set 
EPS = 5.0 x lo-=. 
Card 14: 215,2020.12 
Coefficients of the Spherical Harmonics for the Gravity 
Potential Model. There i s  one card per order and degree. 
The cards are read by order (M) and then degree (N). 
That i s  a l l  the zeroth order coefficients are read in  a 
sequence of increasing degree, then the first order etc. 
Degree 
Order 
the NT degree and MT order coefficients of  
the gravity potential model 
C(0,O) must be set to 1.0 and a l l  the zeroth order S 
coefficients have to be 0.0. 
The remaining cards are not read i f  the integrator only i s  used. A new case i s  then 
started with Card 2 being the first card for the new case. If a least squares recovery 
i s  specified the remaining cards are read in before starting a new case. 
Card 15: 12 
NREAD NREAD = 0 Weights for the gravity coefficients w i l l  be 
read in. 
NREAD # 3 Weights w i l l  be generated internally by 
subroutine SIGMAT. 
Card 16: TD20.12 
Skip i f  NREAD jc 0. 
S l  GMAC 
S l  GMAS 
Weights for the C and S coefficients of the gravity model. 
Note these are weights not variances. There must be one 
card per order and degree and these car& must be in  the 
same sequence as cards 15. 
The values given i n  Table 3.1 may be helpful in the selection 
of these input values . 
Card 17: 3D20.12 
; 
Standard deviation i n  kilometers of (X,Y,Z) of the 
in i t ia l  state vector. 
Card 1 8: 3 ~ 2 0 . 1 2  
SI  G(4) 
S l  G(5) Standard deviation of VX,VY,VZ, of the ini t ial  state 
SI G(6) vector i n  kilometers/second. 
Card 19: 3D20.12 
A 3x3 covariance matrix for a typical point along the 
CVMAT observational orbit. There must be three cards; one 
card per column. 
Card 20: 213 
ISTOP Maximum number of iterations of the least squares recovery. 
LREAD LREAD > 0 Print out the normal equations of the leust squares. 
The data deck composed of Cards 2 thru 14 or 2 thru 20 are repeated for a l l  NCASE cases. 
3.2.3 Input Card Description Sheets 
input Card Description Sheets follow. 
-- Card Type 1 
20 30 4 0 50 60 70 80 
I I I I I I I I I I I I I I I ! I I I I I I I I I I I I I1 , I I I I~ I l I111111111111111111111 l l l l l l l  
NCASF, IDAY IMON IYR 
Card Type 2 
NLYP 
mation to be read in  and printed. 
3 N - 13 7-9 - -Option: I f  N = 
0 - no print out from integrator 
1 - prinb out from integrafor 
4 K 13 10-12 - (See Section 3.2.2) - 
5 NONLY3- 13 13-15 P Option: i f  NONLYP = 
1 - simulator wi l l  be run 
2 - complete least squares recovery wil l 
be performed. 
Card Type 3 
I (ALPHA-NUMERIC) 
FORMAT (20A4) 
- 80 columns of alpha-numeric inform tion 
- Card Type 4 
f NTM b1TE KTR KVE KTG LCT(1). . . . . . . . . L C T  (N TM) 
Number of observation times. 
I f  NYM = 0 : the observations 
2 
3 
4 
5 
N T E  
KTR 
KVE 
KTG 
- 
- 
--- 
- 
13 
13 
13 
13 
i 
4-6 
7-9 
10-12 
13-15 
- 
- 
- 
- 
will be generated by PHMAP 
and stored on a file; lTAB 
Number of orders in the potential model 
Number of terms used in  the series expan- 
sion (state vector) 
Number of terms in  the series expansion 
(state transition matrix) 
Number of terms used i n  the series expan- 
sion (partial derivatives) 
- .  Card Type 4 (Cont . Id) 
I I I I l I I I I I I I I I I I I l I I I I I I I I I I l l l l l l l l l l l l l l , i l l l l l l , 11111111111111111111 l l l l l l l l l  
FORMAT 
Number of degrees i n  each order of the 
gravity model. 
Card 4 i s  repeated as needed to satisfy 
the I is t .  
Card Type fi 
10 26 30 5 0 80 
TOD TTB 
Time of first print out 
3 D LT Sec. D20.12 41-60 Time interval between equally spaced 
observations 
" Card Type 6 
X position component of state vector 
Y position component of state vector 
3 XEX(3) km 020.12 41-50 Z Z position componeiit of state vector 
- I  Card Type 7 
Y velocity component of state vector 
3 XEX(6) km/s D20.12 41-60 Z Z velocity component o f  state vector 
, . Card Type 8 
FORMAT (13, D 17.0) 
2 PMAF Deg. 017.0 4-20 Longitudnal coverage of moon. 
" - Card Type 9 
10 26 30 40 5 0 60 70 80 
I ~ I I I I I I I I I I I I  I I I I I I I I I I I I I I I  
-raa ALT ---/--- FOC PF 
FORMAT (5 D16.0) 
focal length of camera 
3 
4 
5 
DIM 
P F 
P L 
in. 
- 
- 
016.0 
D16.0 
D16.0 
33-48 
49-64 
65-80 
size of filtx 
percent of forward overlap (between photo:) 
percent of side lap (between strips) 
FORMAT (13) 
Option: if IPLACE 
= 0 the state vector wi l l  be computed 
at the beginning of the orbit 
= 1 the state vector wi l l  be computed 
at the mid point of the orbit 
Card Type 11 
10 20 30 40 50 60 T O  80 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I I ! I I 1 l 1 I 111 I I I 111 I l l , , ! l l . 11 I111111111111111111111 i l l l l  
- ALF --- 
FORMAT @?(I. 12) 
The angle between an inertial X axis 
Card Type 12 
10 20 30 40 50 60 70 80 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I I I I I I I I I I I I I I I I I I ~ I ~ , ~ ~ ~ ~ . ~ ~ ~ ~ I I I I I I I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
RAD XMU DMG 
Gravitational constant for the moon 
Rotation rate of moon 
- Card Type 13 
which controls the magnitude of round- 
* - 
- Card Type 14 
3 
4 
C 
S 
- 
- 
20.12 
20.12 
1 I -30 
31-50 
C 
nm 
S 
nm 
Coefficients of tha spherical harmonics 
for the gravity Potential Model 
Card Type 15 
10 28 30 40 50 60 70 80 
, I I I I I I 1 I I I l I I I I I I I I l l , , l l l l l l l l l l l l l l , , l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l l l l l l l  
N READ 
FORMAT 
P 
0 weights for the gravity coefficients 
wi l l  be read in  
1 weights wil l be generated internal l y 
by Subroutine SIGMAT 
Card Type 16 
FORMAT (D20.12) 
Word 
N 0. 
Program 
Jariable 
SIGMAC 
SIGMAS 
Fornat Column 
1-20 
2 1 -40 
Math 
Symbol Descript ion 
weight for the C coefficients of  the 
gravity model 
weight for the S coefficients o f  the 
- gravity model 
state vector 
2 
3 
SIG(2) 
SIG(3) 
km 
k m  
020.12 
D20.12 
21-40 
41-60 
0, 
uz 
Standard deviation of Y component of 
state vector 
Standard deviation of Z component of 
state vector 
Card Type 18 
i 10 20 30 50 60 70 80 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  VX- VY 
FORMAT (3D20* j2) 
Three cards required; one for each of the three columns. (J = 1,3) 
Covariance matrix 
3 CVMAT(3.J)* 
'J) 2 
km 
km 
20.72 
20.12 
21-40 
41-60 
for a typical point 
along the observational orbit . 
Card Type 20 
I 1  1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 , 1 1 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
ISTOP LREAD . 
Maximum number of iterations of the least 
2 LREAD - 13 4-6 
squares recovery. 
Option: If LREAD = 
= 0 no print out of normal equations 
of least squares 
= 1 prinf out of normal equations of 
least squares 
3.2.4 Flow Diagram of Program l npu t 
1 
The data f low for the input cards i s  i f  lustrated .by Figure 3.1. A1 l cards are read 
i n  RSTATE except where indicated on the flow diagrarn. The circled numbers represent 
the card numbers given i n  the previous sections (3.2.2, 3.2.3). 
3.3 Output Description -
Extracts of the output from 3 sample cases given i n  Section 3.4 wi l l  be explained. 
Cases 1 and 3 were run to produce simulated data. Case 2 i s  a complete least squares 
recovery of the harmonic coefficients which used the data generated i n  Case 1. The 
features of each run are summarized below. 
Case 1: Data Simulator with Equally Spaced Orbit  Times. 
25 Orbit  Times are used. 
An incomplete 5 x 5 gravity model was used to compute 
orbit positions at the 25 times. 
Note that the series expansions for the state transition 
matrix and the partials have zero terms. 
The harmonic coefficients used were all zero except 
C(0,O) which was set to 1.0. 
Case 2: Recovery of the coefficients of  the Gravity Model. 
Note that some pages are missing. This was done since 
nothing would' be gained by showing a l l  pages. 
The same gravity model as i n  Case 1 i s  used here (5x5). 
Since this i s  a least squares recovery a priori weight 
estimates have to be read in  or generated. 
Following the solution of the least squares the variances 
of the parameters are printed out. The parameters are 
presented in  the following order: 
Ini t ial  State Vector 
x 
C coefficients of the spherical harmonics 
i S coefficients of the spherical harn~onics 
The final printout i s  of the correlation matrix of the parameters. 
Only half the matrix i s  shown since i t  i s  symmetric. 
Case 3: Data Simuiator with Photogrammetric Coverage of One Sixth 
of the Moon. 
Twelve pages of actual output are included. These pages are explained i n  Section 
3.3. 
d C 
x e w  
< c  x 
-1 C  
A ,  2 
- '  O , , Z I  
.a . ..a 
C 
I1C' - -  C A I  
O V l W  
I V I ,  
UI u = 1 
' 1  E 
W 
C l C  - 1  
e l  a * 
C C K  
V I j I n .  a 
I n 
' 1  E w C x 
t 
K  
o !  I& I % -,I 
,'I f E I  
G
R
/T
9C
tt
T
W
~W
vE
R
73
 O
D
U
L
P
-
-
-
-
-
-
 
.-3 
,
.
-
-
 r
r-
- 
.
.
I
-
 
m
E
-
-
-
-
-
a
-
 
-
-
-
-
 
C
A
S
E
 
N
U
M
B
E
R
 
I 
T
H
I
S
 C
A
S
E
 U
S
E
S
 
T
H
E
 
I
N
T
E
G
R
A
T
O
R
 O
N
L
Y
*
 
T
H
E
 
L
E
A
S
T
 S
QU
AR
ES
 R
E
C
O
V
E
R
Y
 
O
F
 
T
H
E
 
fR
AV
f7
'7
~n
oo
E-
t-
*m
-K
OT
 
-
 
-
-
 
-
 
-
-
-
-
-
 
0
 
E
P
O
C
H
 
T
I
M
E
 
AT
 
S
T
A
R
T
 O
F 
I
N
T
E
G
R
A
T
I
O
N
 
-
 
-
 
-
 
-
 -
 
-
 
-
 
-
 
.
 
-
 
-
 
-
 -
 
-
 
-
-
 -
 
r
12
06
56
92
00
+0
07
 
(A
LL
 T
I
M
E
 
G
I
V
E
N
 
IN
 
S
E
C
O
N
D
S
1 
T
I
M
r
-
O
F
-
F
I
R
S
T
'
P
R
T
N
T
 
-
 
20
65
6P
20
0*
00
, 
-
 
-
-
 
'
 
'
.
 
-
-
 
-
 
T
I
M
E
 
B
E
T
W
E
E
N
 
O
B
S
E
R
V
A
T
I
O
N
S
 
~
Z
3
S
O
O
O
O
D
Q
0
~
0
0
3
 
-
 
-
 
-
-
 
-
 
-
 
-
-
 
.
-
 
-
-
 
-
 -
-
 
-
-
 
-
-
 
b 
A
N
GL
E 
B
E
T
I
E
E
N
 
I
N
E
R
T
I
A
L
 
X 
A
X
I
S 
A
N
D
 
B
OD
Y 
F
I
X
E
D
 
X 
AX
IS
..
.~
.~
 
-
-
 
-
 L
-
 
-
-
 
-
 
-
 
-
 
-
 -
-
 
-
-
 
-
 
-
-
 
.
 
-
 -
 
~
1
0
0
0
0
0
~
0
@
0
+
~
1
0
 
.
 
-
 
R
A
O
C
A
N
S
 
-
 
-
 
.
 
-
 
-
-
 
1 
-
 
-
 
-
.
 
.
 
.
 
.
 
.
 
-
-
 
-
.
 
-
-
 
-
 -
 
.
 
-
 .
 .
 
.
.
 
-
-
 -
 
-
 -
 
.
 
.
-
 
.
 .
 
-
 
-
-
-
-
 
.
 -
 
-
.
 
-
 .
 
-
 -
.
 
.
.
 -
 
-
 
D
A
T
A
 
R
E
L
A
T
E
D
 
T
O
 T
H
E
 
O
R
I
G
I
N
 
(M
OO
N)
 
R
A
D
I
U
S
 
-
.
 
-
.
.
 
-
.
 
.
.
 
-
.
 
-
-
-
-
-
 
-
 
.
 
.
.
 
*
19
33
00
OD
00
+0
9T
 
K
I
L
O
H
E
T
E
R
S
 
.
 .
.
 
.
 
.
.
 
.
 
-
 
.
 
.
 
.
 
.
 
.
 
.
 
-
 -
 -
 
-
 .
.
.
 
-
 .
 
-
 
-
.
 
-
 
.
-
 .
-
-
 
-
 -
-
 
.
-
 
-
 -
-
 
.
 .
 
.
 
.
 
-
-
 
-
 
.
 
.
 
-
-
 
-
-
 
.
.
 
-
 
-
.
 
-
.
 
.-
 
-
 
-
 
-
 -
 
-
 -
 -
 -
 -
.
 -
 
-
-
 
-
 
G
R
A
V
I
T
A
T
I
O
N
A
L
 
O
R
I
G
I
N
 
-
 -
-
 
-
-
 
-
 
-
 
-
 
-
 
-
 
-
 -
-
 
-
 
-
-
 
.
-
 
-
 
-
 -
 
-
-
 
s
4
9
0
0
7
5
0
0
0
0
~
0
0
Y
 
K
M
 C
U
B
E
D
 P
E
R
 
S
E
C
O
N
D
S
 S
QU
AR
ED
 
-
 
-
.
 
.
-
 
-
 
-
 
-
 -
.
 -
 
-
-
 
-
 
-
 -
 
-
 
-
 .
-
 
-
 -
 
-
 -
 -
 -
 
-
 
-
-
 
-
 
-
 
-
-
 
-
-
 
-
-
 
-
-
 
.
 
R
O
T
bT
lO
N 
R
A
T
E
 
o
Z
~
QO
OO
OC
OQ
-0
05
 R
A
D
I
A
N
S
/S
EC
ON
O 
-
-
-
-
 
T
R
U
N
C
A
T
I
O
N
 
C
O
N
T
R
O
L
 
-
 
*
I
O
O
O
O
0
0
0
~
0
-
0
1
C
 
-
 
-
 
.
 
-
-
 
-
-
-
-
 
-
 
-
-
 

S
k831 8
3
0
8
0
 
b 
-
-
 
-
-
 
-
-
 
.
 
.
 
-
-
 
-
-
 
-
 -
-
-
 
-
 
-
 -
 -
-
 
-
 
-
.
 
-
 -
 
-
-
 
1300W
 
~
V
I
I
N
~
L
O
~
 
All A
115 
3HI 
1
0
 
S
l
N
3
1
>
I
d
d
3
0
3
 
85L
-L
45D
O
L
b
B
h
Z
C
S
*- 
(1 
'1
 
)S 
~
~
0
-9
C
0
6
1
9
1
0
@
h
C
L
* (I 
'1 
)3 
-
-
 
-
-
 
-
 -
 
-
-
 
-
-
 
-
-
 
-
 
-
.
 GOaaoaooocoao.- 
ra
- '
h
i
s
 -
-
 
~
o
a
-
a
l
l
i
~
c
8
9
~
~
s
E
:
*
~
-
(
0
-
~
~
 
t3- 
~
O
~
~
O
O
O
O
0
O
O
O
*
 (0
 
'C 
IS
 
fO
O
-L
IC
6
8
1
0
Z
6
L
9
~
* 
(
0
 
'C 
13 
f
i
r
l
n
1
1
1
1
0
0
U
I
l
C
l
l
L
L
 
! a 
-
 
in
 
6 
; 2 
C
IO
O
O
O
O
O
~O
O
U
O
~ 
(0
 
'
I
 IS
 
0
5
0
-Z
S
h
6C
h
L
09S
S
9* 
(
0
 
'1
 
)3 
-
-
.
_
_
1
-
-
-
_
.
-
-
_
_
_
 
-o
nU
oO
O
O
O
O
O
O
O
* 
LO
--La-$S------t00+O
UO
nO
O
O
O
O
UO
~-~40-~Q
C3-- 

-
-
RE
 
eo
 v
~
m
o
o
u
tf
--
- 
3
1
-
7
-
-
-
-
 
?
m
e
-
-
-
 
C
AS
E 
N
U
M
BE
R
 
2 
-
+
--
-O
f 
tt 
f O
E-
CH
EC
K 
-
-
A
-T
Q
3t
 t3
3--
---
---
- 
.
 .
-
 
-
 -
 .
-
 
-
.
 
.
 
.
.
 
.
.
 .
 
.
 
-
.
 
.
.
 
-
 -
 
-
 
-
 
.
-
 
I p
 
TH
E
 C
O
R
R
EL
AT
lO
V 
C
O
E
~
F
IC
IE
N
T
S
 &R
E 
G
IV
E
N
 I
N
 
TH
E 
FO
LL
O
W
IN
G
 T
A
B
LE
 
V
 I I 
RO
W
S 
1-
6 
(A
ND
 C
O
LS
 
1-
61
 
AR
E 
FO
R
 T
H
E 
S
TA
TE
 V
EC
TO
R 
-
 
-
 
-
 
-
 
-
 
-
-
 
-
-
-
 
-
 
TH
E
 
V
A
LU
E
S 
FO
R
 T
H
E
 
C(
N,
fl)
 
S 
AR
E 
N
E
X
T 
F
O
LL
O
lE
D
 B
Y 
S
(N
,H
) 
-
 
-
-
-
-
 
-
 
-
 
.
 
-
-
 
-
 
-
 
-
 -
-
-
-
 
-
 
-
 
-
-
-
-
-
 
-
-
 
-- 
-
 
-
-
 
-
 
.
-
 
-
-
-
 
-
 
-
 
-
 -
 
-
 -
-
 
-
-
 
-
 
-
 
-
 
-
 
-
 
-
 -
- 
-
 -
 .
-
-
-
-
 
-
 
-
-
 
-
-
 
-
 
-
 
-
 
-
-
 
R
O
Y
 
3
1
 
*
1
0
0
+
0
0
1
 
l
 Y
O
~
-0
0
2
 
l
 1
28
-0
0 
1 
3o
e-
00
2 
•
 0
0
8
 
.
 D
O
O
 
J
 L
 
.
r
u
 
c
 
I 
r
 l
F
q
G
T
 
e 
2F
I7
--7
m
 3 
r 
D
U
O
 
D
u
n
 
RO
R 
33
 
*
 1
2
8-
00
1 
l
 1
7
4
-0
02
 
*
 
1
0
0
+
0
0
 1 
e
80
3-
nO
2 
.
00
n 
0
0
0
0
 
-
-
RO
WJ
~F 
r 
3 
0 
8 
-
O
IS
2-
p-
 
l
 29
 2
 -
 0 
03
--
- 
-
 
e
e
~
~
c
~
~
l
-
-
-
 
-
-
-
-
 
8
-1
 O
O
+O
U
~ 
-
SO
00
 
Lo
on
- 
-
 
RO
W
 
3
5
 
0
0
0
0
 
e
0
0
0
 
e 
0
0
0
 
e 
0
0
0
 
?O
D
D
 
K
---
--7
m
0-
---
-- 
e 
0
0
0
 
,, 
-
-
 
-
 
-
 
-
 
9
 D
U
O
-
-
 
*
 0
 0
 0
 -
 
.
 DOO-.oOU- 
TH
E 
C
n4
R
E
LA
Tl
O
Y
 C
O
E
F
F
IC
~
E
~
T
S
 
AR
E 
G
IV
E
N
 I
N
 T
H
E
 
F
O
LL
O
al
N
G
 T
A
B
LE
 
-
 
-
 
-
-
 
-
 
-
 
-
.
 
-
 
-
-
 
-
 
-
-
-
-
-
-
..
.-
 
-
-
-
 
-
-
 
RO
W
S 
1-
4 
(A
ND
 C
O
LS
 1
-6
) 
A
R
E
 
FO
R
 T
H
E 
ST
AT
E 
VE
CT
O
R 
TH
E 
V
A
LU
E
S 
FO
R
 T
H
E
 
C
(N
$M
) 
S 
AR
E 
N
E
X
T 
F
O
LL
O
~E
O
 B
Y 
5t
N,
'4
1 
l
 

-
-
 
C
R
A
Y
IT
Y
-Q
~
~
O
V
Z
R
~
 
M
oD
U
LE
--
--
--
--
--
--
--
--
~~
J~
-~
 
r-
- 
C
A
SE
 
N
U
H
R
ER
 
3 
.
-
 
-
.
 
-
 -
 -
-
 
-
-
 
-
Zi
VM
M
A
R
Y 
-
O
F 
US
ER
 
S
E
L
E
C
T
E
C
T
O
P
T
T
O
N
S
-
-
-
-
-
-
 
-
-
-
 
-
 
-
0
~
~
f
f
t
E
S
~
I
R
K
h
F
a
B
T
V
U
A
t
-
f
O
-
Z
X
R
~
~
~
T
K
O
~
W
~
7
 
I A
L 
M
O
D
EL
 
C
lN
,H
l,
S
(N
,M
l 
M
U
ST
 
B
E 
R
E
A
D
 
IN
. 
-
 
-
-
 
-
-
 
-
-
 
-
-
 
-
-
-
 
-
 
-
-
 
-
-
-
 
-
 
-
-
 
-
 
-
 -
 
-
 
-
 
-
 
-
 
-
 
-
 
-
 
-
 
-
 
-
 -
 -
 -
 
-
 -
 
-
 
-
-
 
-
 
.
 
-
-
 
-
 
-
 -
-
 
-
 
-
-
 
-
 
-
 
-
 
-
 
-
 
-
 
-
-
-
-
 
-
 
O
R
B
 I
T
 -1
 N
TE
G
R
A
TO
R
-Q
NL
Y 
-
 
-
 
T
fH
E
S
 G
EN
EH
A
TE
D
 
B
Y
 
P
H
O
~
O
G
R
A
M
M
E
T
R
l~
 
M
IS
S
IO
N
 S
IM
U
LA
TO
R
 
5 
BY
 
5 
TN
C
O
YP
LE
TE
 
G
R
A
V
IT
Y
 
M
O
O
EL
 
.
 
-
-
 
-
-
-
-
 
-
-
 
.
 
-
.
 
-
-
 
-
 
-
 
.
 
-
 
.
.
~
.
 
-
 
-
p--
-----.
---.--
--.---
----.p
----.-
- 
I 
-
-
-
 
&. U
 
I 
-
3
 
O
W
t
P
*
R
b
u
f
-
N
~
P
f
f
:
-
f
t
F
f
e
~
t
~
-
u
-
€
i
€
P
.
*
P
-
-
s
l
 
P
E
R
C
EN
T 
S
lO
E
 
O
VE
R
LA
P 
r
 
6
0
.0
0
 
.
 
-
 
-
 
-
 
-
 -
 
-
-
 
-
 
-
-
 
-
 
-
 -
-
-
-
 
-
 
-
 -
 
-
 -
-
 
-
 
-
-
 
-
 
-
 -
 -
 
-
-
.
 
.
 
-
 
-
 -
 -
 
-
 
-
-
 
-
.
 
-
-
 
-
 
-
-
-
 
At
- ?
-,--. 
'--
-&
sb
O
l3B
T
53
m
 
-
 
-
 
-
 
.
 
-
 
-
-
-
 
-
 
-
 
-
 
-
 
E
Q
U
dT
O
R
lp
L 
S
P
A
C
lN
G
 
F
O
R
 
62
.5
 
1
4
~
4
1
0
7
9
2
5
8
9
1
8
8
 
-
-
 
-
 
-
 
-
 
-
 
-
 
-
 -
 
-
 -
-
 -
-
 
-
 -
 -
 
PE
Q
CE
NT
 
f 
lo
€
 O
VE
R
LA
P 
-
IN
-D
E
G
R
C
E
S
--
--
--
 
-
 
-
-
 
-
 
-
 
-
 
-
 
-
-
 
AN
G
UL
 ~
~
R
Q
V
&
~
P
C
P
~
~
M
~
-
~
D
-
~
~
-
P
B
~
-
T
~
~
S
T
T
V
B
~
~
~
~
U
~
~
-
 
FO
RW
AR
D 
O
VE
R
LA
P 
IN
 D
EG
R
EE
S 
-
 
-
-
 
-
 
-
-
 
-
 
-
 
-
-
 
-
 
-
 -
 
-
 
-
 
-
 
-
-
 
-
 
.
-
 
-
 
-
 
-
 
A 
"
 
A 
I O
N
 O
f 
M
O
O
 'h; 
A 
O"
 
-
 
I 
* 
S-
*--
. 
* ,
 
I I
 
, 
a 
-
 -
-
 
-
 
-
 
-
 
-
-
 
-
 
-
 
-
 
-
 -
 
-
 
-
-
 
-
-
-
-
-
-
 
D
U
R
IN
G
 O
NE
 
R
E
V
O
LU
TI
O
h 
OF
 
TH
E 
S
A
T
E
L
L
IT
E
 
-
 
-
 
-
 
-
 
-
 
.
 
.
-
 
-
-
-
-
-
 
-
-
-
. 
T
O
TA
L 
N
UM
RE
R 
O
F 
PH
C
TO
G
R
A
PH
S 
R
E
Q
UI
RE
D 
3 
7 
.
.
.
.
 
.
.
.
 
.
.
.
 
.
 
.
.
.
.
 -
-
.
 
.
.
 
.
.
.
 
-
 
-
 
-
.
 
-
.
 
.
-
 
-
 
-
 
.
-
.
 
-
 
.
.
.
.
.
.
.
.
.
.
.
.
 
u
W
T
~
O
V
E
R
I
3
D
b
U
L
 
E
-
-
-
-
-
-
-
-
 
3
=
m
p
--
- 
P
A
G
L
J
-
-
 
-
 
C
PS
E 
N
UM
BE
R 
3 
R
v
t 
~
a
7
T
T
tm
L 
L
V
~
 
-
 
-
 
-
 
-
 
-
 
-
-
 -
 
-
 
...... 
.
.
.
.
 
-
-
-
 
.
-
 
-
 
..
..
..
..
..
. 
-
-
 
F
 
-
-
 
~
.
0
0
0
0
0
0
0
0
 
~
9
0
0
0
0
0
0
0
+
0
2
 
a
0
0
0
0
0
0
0
0
 
.
.
.
.
.
.
.
.
.
.
.
 
~
o
o
O
o
O
O
O
O
 
-
.
 
.
- 
*
8
3
9
8
5
0
1
8
+
0
3
-
-
-
T
6
f
S
l
 
T
Y
5
5
+
0
Z
-
-
-
 
r
1
2
7
9
3
q
7
7
+
O
Y
 
"
 
*
4
6
 1
3
3
9
h
b
+
0
2
 
---
- 
*
0
0
0
0
0
0
0
0
 
a 
1.
7 q
7e
sq
t.
rg
cr
 
-
-
-
sf 
r
T
b
r
O
~
'
-
-
-
-
-
-
z
u
 o
 0
 0
 rj 0
 0
 0'-I------------ 
.
1
5
3
7
7
9
8
9
+
0
2
 
*
21
76
3Y
i!
2+
04
 
*
O
O
O
O
O
O
O
O
 ..
 
.
.
.
.
.
.
.
 
*
O
o
O
o
O
O
O
O
.
 
-
.
 
0
0
0
0
0
3
0
3
 
-
-
 
-
.
 
26
.7
4U
39
1+
@4
--
'-
.-
. 
*
3
0
7
3
3
3
h
7
+
0
4
 
-
.
1
5
3
7
7
9
8
9
+
0
2
 
*
0
0
0
0
0
0
0
0
 
-
 
*
3
5
2
1
9
3
3
?
+
0
4
 
-
,
 3
0
7
5
5
9
7
8
+
0
2
-
 
-
 
*
O
O
D
o
o
O
o
o
 
.
 
-
 
-
 
-
-
 
-
 
.
 
-
 
-
 
e
3
?
7
0
3
3
1
1
+
0
4
 
-
r
4
6
1
3
3
9
6
6
+
0
2
 
0
0
0
0
0
0
0
0
 
.
 
.
.
.
.
.
 
*
~
~
I
E
R
Z
P
~
+
U
T
 
-
-
;&
-If
 
T
T
Y
f 
5
+
 37
 
*
o
D
O
O
O
C
I
O
O
-
~
~
~
-
 
.
5
2
4
9
6
7
8
8
+
0
4
 
-
.
9
0
0
0
0
0
0
0
+
0
2
 
* 
O
O
O
O
O
O
O
O
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
 
-
 
.
.
 
.
96
67
05
61
+0
5'
--
--
--
. 
15
37
79
99
+0
2-
--
--
-.
-'
--
 1
44
 1
0
7
9
3
+
0
2
 .-
 
-
-
 
--
--
- 
.
9
7
1
1
9
0
5
8
+
0
5
 
~
0
0
1
)0
00
@0
 
* 
1
4
4
 1
0
7
9
3
*
0
2
 
.
.
.
.
.
 
.
.
.
.
.
.
.
.
.
.
.
.
 
.
 
I 
s
?7
56
75
';
6+
05
 
-
-
-
 
-
.
 1
5
3
7
7
9
8
9
+
0
2
 
, q
4
 
0
7
9
3
+
0
2
 
-
 
-
.
 
% 
r 
1
2
7
2
7
 1
4
4
+
D
S
 
.
4
6
1
3
3
9
6
6
+
0
2
 
,
 
I 
*
1
9
2
1
9
3
9
0
+
0
2
 
.
 
..
..
..
..
..
..
 
1
-
2
7
7
2
01
 
~
+c
IE
.-
 
.
 y
n
7
5
5
9
7
a
+
u
z
 
~
1
9
2
 
1'
1 
39
0+
~2
--
--
--
--
--
 
*
1
2
?
5
1
4
!
3
*
0
6
 
-
.
3
0
7
5
5
9
7
8
+
0
2
 
*
1
?
2
1
4
3
9
0
+
0
2
 .
.
.
.
.
.
.
.
.
.
.
.
 
.
 
.
.
.
 
.
 !
2
9
9
6
2
6
2
+
0
6
 
-
64
6.
1 3
3
9
6
&
+
0
2
 
) 9
2
 I q
3
9
0
+
0
2
 
*
1
9
1
1
6
Y
7
8
+
0
6
 
.
;
5
3
7
7
9
A
9
+
0
2
 
*
2
8
8
2
1
5
8
5
+
0
2
 
.
.
.
.
.
.
.
.
.
.
.
-
.
.
.
.
.
.
.
.
 
.
-
.
.
.
.
.
.
.
 
.
.
.
.
.
.
.
 
.... 
.
.
.
.
.
.
.
.
 
.
-
.
.
.
.
.
.
.
.
.
.
.
.
 
*
1
9
1
6
1
3
2
8
+
0
6
 
r 
0
0
0
0
0
0
0
0
 
*
2
8
8
2
1
5
8
5
+
0
2
 
-
-
 
-
-
-
 
*
1
9
2
0
6
1
7
7
+
0
h
 
-
.
1
5
3
7
7
V
R
9
+
0
2
 
-
 
*
2
0
8
2
1
5
8
5
*
0
2
 
.
.
.
 
-
..
..
 
2
5
3
2
6
3
9
3
4
0
6
 
F
4
b 
1
-
3
3
9
6
6
*
0
2
-
 
T
3
8
q
2
B
7
R
l
j+
02
. 
-
-
-
-
.-
-
-
 
-
-
 
*
2
5
3
7
]2
43
+0
6 
r
3
0
7
5
5
9
7
8
+
0
2
 
-
*
 
3
0
7
5
5
9
7
8
+
0
2
 
*
3
8
4
2
8
7
8
C
+
0
2
 
.
.
.
.
 
*
2
5
5
5
0
6
4
Z
+
O
b
 
-
-
 
*
3
8
4
2
8
7
8
0
+
0
2
 
~
2
5
5
9
5
4
9
2
+
0
6
 
-
*
4
6
1
3
3
9
6
6
+
3
2
 
*
3
8
q
2
8
7
8
0
+
0
2
 
.
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
.
 
.
 2
8
5
6
5
9
0
0
+
0
6
 "
 
.
 r 
1
5
3
7
7
9
6
9
+
0
2
 
.
 
ti 
+
 
-
-
-
 
.
2
8
6
1
0
7
5
0
+
0
6
 
-
-
-
-
.
 
00
00
00
5)
OO
 
*
9
3
2
3
2
3
7
8
+
0
2
 
-
 
*
28
(5
5'
59
PC
D~
A 
-
 *
 
1.
37
YY
P 
V7
'U
Z 
r
4
3
2
3
2
3
7
8
+
0
2
 
*
3
7
9
2
5
6
2
2
+
0
6
 
-
 
*
4
6
1
3
?
9
~
6
+
.
0
2
 
*
5
7
6
q
3
1
7
1
*
0
2
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
......
...-
......
.-
.. 
r 
3
7
9
7
0
4
7
2
+
0
6
 
'
r
 3
0
7
5
5
9
7
8
+
0
2
 
-
-
-
-
-
 
.
r
5
7
6
4
3
1
7
1
+
0
2
 
*
3
8
n
t
s
3
2
2
+
0
6
 
.
1
5
3
7
7
9
8
9
+
0
2
 
.
.
.
.
.
.
.
.
 
.
 
.
.
.
.
.
.
 
-
.
 
.
.
.
.
.
.
-
.
.
.
.
 
.
 
.
.
.
.
.
 
.
 
.
 
.
 
~
O
O
O
O
o
O
@
O
 
-
-
 
-
 .
-
,-
. 
-
.
 
-
 
-
 -
 
-
 
--- 
*
5
7
6
4
3
1
7
1
+
0
2
 
3
8
0
6
0
1
 7
2
+
0
b
 
-
 
-
-
 
-
 
*
5
7
1
4
3
1
7
1
+
0
2
 
I 
*
3
~
1
0
5
0
2
1
*
0
6
 
-
*
1
5
3
7
7
9
P
9
+
0
2
 
*
5
7
6
Y
3
1
7
1
+
0
2
 
-
-
-
-
 
38
1 
3
9
R
?
T
r1
~
h
 
-
*
30
%5
p7
R~
P2
--
--
--
--
--
-i
57
1,
q3
17
1 
i
O
2
 
*
3
8
1
?
4
7
2
1
+
0
6
 
,
-
r
4
6
1
3
3
9
6
6
+
0
2
 
*
5
7
6
4
3
1
7
1
+
0
2
 
..
..
..
 
*
3
9
q
2
6
1
 A
P
+
O
C
.
 
.
.
.
.
.
 
+
02
-'
 
*
6
0
0
0
D
0
0
0
+
O
Z
 .
.
-
.
.
 
.
.
.
.
.
.
.
 
-
-
-
-
 
*
3
9
7
8
q
9
A
7
+
0
6
 
-
0
6
1
5
1
1
9
~
5
+
0
2
 
r
6
0
0
0
0
0
0
0
+
0
2
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
 
...
. 
................ 
.
 
.
-
 
.
.
.
.
.
.
.
.
 
.
 
.
-
 
-
-
-
-
-
 

TABLE 3 . I  
Estimated Unvertainties in  Considered Parameters (x 10") 
for N Z 5 
(N+M+4)/2 for N+M even 
(N+M+-5)/2 for N+M odd 
0.00001 
Source: NASA CR-66391, June 30, 1967. 
1 
8 4.0 PROGRAM DESCRIPTIONS 
The Gravity Recovery Module consists of a mqin control program, three sub- 
modules and a collection of u t i l i ty  subroutines. The contents of the module i s  illustrated 
by Figure 4.1 . Figure 4.1 i s  a tree content diagram for RSTATE. 
4.1 Main Control Program - RSTATE 
The entire Gravity Recovery Module i s  controlled by the main control program, 
RSTATE. RSTATE tests for flags and then calls the appropriate submodules and subroutines. 
M i e n  the rnodule i s  used to generate simulated dafa, RSTATE wi l l  cal l  the Photo Times/ 
Position Submodule cnd the Orbit  lntegrator Submodule. In performing a least squares 
recovery, the data flows in i t ia l ly  from RSTATE to the Orbit  lntegrator Submodule to the 
Leasf Squares Recovery Submodule. The programs then cycle through the Orbit Integrator 
and Least Squares Submodules until a solution i s  attained. Figure 4.2 i s  a functional 
fbw diagram for the main control program. 
There are several options available to the user which are outlined below. 
i) The program may be used only to integrate an orbit from t to t, 0 
considering only the effects of the potentiai model; in  this respect i t  becomes a potential 
integrator. 
i i) The program may be implemented to its fullest capability, performing 
a least squares curve fitt ing process over i. observations and adjusting the init ial  conditions 
to fit the curve. The true observation data may be input by one of two routes: 
a) observation times may be computed on the basis of an equal 
increment and the satellite coordinates at these times computed by an init ial  pass through 
the integrator; 
b) observation times may be read from a f i le  and subsequent satellite 
coordinates at these times computed v ia an init ial  pass through the integrator. 
Program. - RSTATE 
a ,  
Uti l i ty  
routines 
' .  
FIGURE 4.1 
Tree Content Diagram 
Gravity Recovery Module 
-53- 
Yes 
Number of i 
Su bmodu i e 
/ \\ 
3--- 
r- STOP --. M i NO 
1 1 contrbl flags i -I , 7 1 1 comment cards 1 I j READ/PRINT input 
1 equally spaced values of potential 
b b r e r .  times i coefficierits : 
i--- 
1 Read input no. 
,obser. times in-  I (NTM) 
I te ation para- I i rngfers 
based on photog. 
coverage & output 
FIGURE 4.2 
F Iow Diagram for the Main Control 
Program Gravity Recovery Module 
, 4.2 Photo T i  mes/Posi tions Programs 
-
4.2.1 Subroutine PHMAP 
PHMAP computes a table of observation times and a state vector at a prescribed 
epoch. The subroutine takes data describing an orbit and certain photogrammetric para- 
meters and computes observation times. These times are chosen so as to give photogrammetric 
coverage over al l  or part of the moon, PHMAP controls the use of subroutines SUBI, TEST, 
QlIDER and SORT. The times and a state vector for the orbi t are written on a f i le which 
i s  used by RSTATE. Figure 4.3 i s  a functional flow diagram of PHMAP. 
4.2.1.1 Subroutine SUBl 
SUBl computes al I the parameters defining the banded structure of the mapping 
scheme for PHMAP. 
4.2.1.2 Subrc;ltInc TEST 
TEST, which i s  used i n  the PHMAP section of the module, i s  employed to test 
numbers and to round them i f  within a certain limit. 
4.2. 1. 3 Subroutine ORDER 
Reads time, latitude, longitude from scratch tape. Cal I s  subroutine SORT 
which places the data i n  order of increasing time. Finally writes the times on a same 
f i le  ( I T  M E )  along with the number of times and the state vector. The stare vector 
can be either for time zero or for the midpoint of the orbit. The data on ITAPE i s  used 
i n  RSTATE as an input item. 
I 
4.2.1.4 Subroutine SORT 
Subroutine SORT wil l  sort and order an array based on any column in  the array. 
'+& I Ini t ia l ize I 
1 Compute 
State Vector 
FiGURE 4.3 
Flow Diagram of PHMAP 
3 I 4 .3  Orbit Integrator Programs 
The Orbit Integrator Submodule is control led by subroutine POINT which 
calls the other subroutines in the submodule. The submodule cycles through the 
subroutines until all data points have been processed. 
E 
4.3.1 Subroutine POINT 
POINT is used to guide the entire potential integration process. It is 
responsible for selecting the processes to be executed, for setting flags and limits 
and for the proper allocation of data a t  each step in the program. All output from 
the integration process is controlled and executed by this program. 
POINT takes a set of data a t  some time, t , and executes the necessary 
0 
subroutines to provide data a t  any other time t This process can be repeated as f *  
many times as is needed to complete an orbital mission. POINT computes a state 
vector, a state transition vector and the partial derivatives of the state vector for 
I. 
each observation time. i his data i s  ouipuiiad iu c3i f i le  fat. Ide; iisa hi; RLEAST. 
Figure 4.4 is a fSow diugram for POINT. 
4.3.1.1 Subroutine EXPND 
This subroutine provides the power series expansion needed in computing the 
sibafe vector. 
4.3.1.2 Subroutine EXMTR 
EXMTR serves a dual purpose. 
1) It provides the series which is used in evaiuating the partial derivatives 
with respect to the potential model. 
2) It evaluates the terms used to form the state transition matrix. The 
state transition matrix (matrizant) is the change in the state vector with respect to the 
initial state vector for an orbiting body. 
1 
Evaluate Series/ 
, 1 For 
FIGURE 4.4 (Part 1 of 2) 
Flow Diagram for Orbit  Integrator 
Write Out Write Out 
Select New 
Terminal Time 
FIGURE 4.4 (Part 2 of 2) 
4.3.1.3 Subroutine EXPRC 
This subroutine evaluates the partial derivatives of  the state vector with 
respect to the harmonic coefficients C(N ,M) and S(N,M) . These partials are used in 
the least squares.recovery of the gravity potential. 
4.3.1.4 Subroutine SOLALL -- 
This subroutine is a very simple and straight forward routine which asks 
, i f  an output is desired, and i f  so i t  makes the necessary calls and unit controls to provide 
for that. output. It i s  a control type program much more than a computational one. 
4.3.1.4.1 Subroutine SOLVE 
This subroutine solves for the position and velocity over a specified time 
interval At. The position and velocity are found by summing the products of two 
series expansions. 
4.3.1.5 Subroutine DELTIM 
This subroutine evaluates the step size to be used between time i and i -t- A .  
This step size i s  based on the range over which the state vector power series i s  valid. 
In this way step size i s  maximized while round off error i s  kept to a minimum. 
4.4 Least Squares Recovery ~ronkams 
- 
The programs which perform the least squares recovery are called via entry 
p i n t s  i n  the interface program TLEAST. Blocks of core-stored data common to two or more of the 
least squares recovery programs are defined i n  TLEAST. These blocks of data occupy core 
only during the execution of this submodule. The purpose was to conserve core, thus permitting 
the complete orbit integration package to be in-core simultaneously . Figure 4.5 i s  a 
functional flow diagram illustrating the sequence of execution for the least squares recovery 
computations. 
Initializeh'rinf. 
Potential Statistic ( (SICMAT) ) 
orrelation Matri 
' FIGURE 4.5 
Flow Diagram of Least Squares Recovery 
4.4. 1 Subroutine TLEAST 
As explained above, TLEAST i s  an interface program containing multiple 
entries which call the remaining least squares recovery programs. 
4.4.1.1 Subroutine RLEAST 
This subroutine forms the normal equations that are used in the least squares 
solution for the harmonic coefficients. RLEAST, and the cther subroutines associated with the 
least squares solution, are called by special entry points to TLEAST. 
4.4.1.2 Subroutine SIP 
SIP forms the solution to the normal equations by the method of recursive 
partitioning . 
4.4.1.3 Subroutine CONVER 
-. 
1 his subroutine tests t'ne sojution from the ieast squares to see i f  <he 
corrections to the parameters are negligibl'e, If they are the least squares i s  terminated. 
If not, the parameters are updated and a new solution i s  sought. 
4.4.1.4 Subroutine REV 
Subroutine REV i s  used to complete the solution to the inverse of the 
normal equations. 
4.4.1.5 Subroutine INVERS 
Th is  subroutine prints out the diagonal elements of the inverse of the normal 
equation matrix. 
4.4.1.6 Subroutine CORRE 
I T h i s  subroutine uses the covariance matrix from REV and calculates a 
5 correlation matrix defined by 2 
o x  JCXx r Y Y  and prints i t  with row and column headers. 
Since the matrjx i s  symmetric only the lower triangular portion i s  printed. 
4.4.1.7 Subroutine SIGMAT 
T h i s  subroutine calculates the inverse of the a priori variance matrix 
for the potential coefficients. As an option these values can be read i n  from cards. 
4.4.1.8 Function QNM 
This functior! i s  used by subroutine SIGMAT. QNM returns a value based 
on the order and degree of the harmonic coefficient. This value i s  used to compute the 
a priori variance estimates for the harmonic coefficients. 
4.5 Uti l i ty Subroutines 
4.5.1 Subroutine AUGVRT 
SUGVRT computes the inverse of  a ixatrix. i f  ths matrix i s  augmented by 
a discrepancy matrix, the solution matrix i s  obtained simultaneously. 
4.5.2 Subroutine BKSP 
This subroutine backspaces a specified f i le (i . e., tape) N records. I t  i s  
used in  conjunction with the solution of the inverse of the normal equations. 
4.5.3 Subroutine DISPLA 
DISPLA, and the alternate entry DFSPLS, are used to print the coefficients 
of the potential model and their variances. 
4.5.4 Subroutine MATMAN 
MATMAN i s  a mu1 ti-purpose matrix manipulation package. 
4.5.5 Subroutine MATMOV 
6 MATMOV transfers a portion of one array into another array. The 
arrays may be submatrices. 
I- 
4.5.6 Subroutine MATMPY 
MATMPY i s  an interface routine which cal I s  MATMAN. 
4.5.7 Subroutine MOVE 
MOVE moves consecutive elements from 'one integer array into another 
integer array. 
4.5,8 Subroutine OUTPUT 
OUTPUT i s  used to print arrays, and to identify them by name. 
4.5.9 Function RE 
RE i s  a random number from the set vhose mean i s  zero and standard 
deviation i s  the specified sigma (real argument). The random value obtained i s  repeat- 
able for any given pair of integer arguments. 
4.5.10 Subroutine READ 
READ i s  used to read the output from RLEASY, which contcins fhe normal 
equations. On option, h e  normals are output to the printer. 
4.5.11 Subroutine REMOVE 
REMOVE i s  a multiple-entry subroutine. 
4.5.11.1 EntryCLEAR 
CLEAR sets the elements of an array to zero. 
(Z 4.5.11.2 Entry VMOVE 
'r 
PVMOVE i s  an array hand1 ing routine which performs operations related 
1.0 the residuais. 
4.5.11.3 Entry REMOVE , 
REMOVE moves consecutive elements of one real array into another. 
4.5: 12 Subroutine RDBlN 
4.5.12.1 Entry BUFSIZ 
BUFSIZ i s  a dummy entry; i t  appears because i t  was required during 
developmenf on the DBA Sigma V computer. 
4.5.12.2 Entry RDBIN 
RDBIN reads a binary record of variables into consecutive core locations. 
FORTRAN l/O i s  utilized. 
4.5.13 Subroutine SCALE 
SCALE multiples each element of an array by the specified scale factor. 
4.5.14 Subroutine WRBI N 
WRBIN writes a binary record of variables from consecutive core locations. 
- 
FORTRAN 1/0 is,  utilized. 
4.5.15 Function XD - OT 
This function computes the dot product of  variables i n  a series form. 
The following notation i s  used: 
a - C a . a  
-_  I k-i 1-0 
2 2 b and c are similarly defined. 
4.5.16 Functions XTMT, XTPD, XTPS, XTPT, XZPC 
- These functions ccrmpufe series form cross products, I he following notafion 
i s  used: 
t i s  a real variable 
XTMT = t - a b  
4.5.16.2 Function XTPD 
XTPD = a b - c d  
4.5.16.3 Function XTPS 
XTPS = ab-t-cd 
4.5.16.4 Function XTPT 
? - 
XTPT = t + a b  
4.5.16.5 Function XZPC 
i. 
XZPC = ab 
, 
i 
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